Cochlear implant (CI) users have been shown to benefit from residual low-frequency hearing, specifically in pitch related tasks. It remains unclear whether this benefit is dependent on fundamental frequency (F0) or other acoustic cues. Three experiments were conducted to determine the role of F0, as well as its frequency modulated (FM) and amplitude modulated (AM) components, in speech recognition with a competing voice. In simulated CI listeners, the signal-to-noise ratio was varied to estimate the 50% correct response. Simulation results showed that the F0 cue contributes to a significant proportion of the benefit seen with combined acoustic and electric hearing, and additionally that this benefit is due to the FM rather than the AM component. In actual CI users, sentence recognition scores were collected with either the full F0 cue containing both the FM and AM components or the 500-Hz low-pass speech cue containing the F0 and additional harmonics. The F0 cue provided a benefit similar to the low-pass cue for speech in noise, but not in quiet. Poorer CI users benefited more from the F0 cue than better users. These findings suggest that F0 is critical to improving speech perception in noise in combined acoustic and electric hearing.
I. INTRODUCTION
Cochlear implant (CI) users often have difficulty perceiving speech in noisy backgrounds despite their good performance in quiet. The difficulty in CI speech recognition in noise has been related to CI users' inability to discriminate talkers and to segregate different speech streams (e.g., Shannon et al., 2004; Vongphoe and Zeng, 2005; Luo and Fu, 2006) . In acoustic hearing, one cue used to segregate multiple speech streams is the difference in voice pitch or fundamental frequency (F0) between talkers (Brokx and Nooteboom, 1982; Assmann and Summerfield, 1990; Drullman and Bronkhorst, 2004) . In addition to the absolute difference in F0, frequency and amplitude modulations in the F0 and harmonics allow for the segregation of talkers (McAdams, 1989; Marin and McAdams, 1991; Summerfield and Culling, 1992; Binns and Culling, 2007) .
A different line of research in speech reading also revealed the importance of F0 in visual speech recognition.
For example, earlier work showed that the mere presence of voice pitch significantly improved a listener's ability to lipread speech (Rosen et al., 1981; Breeuwer and Plomp, 1984) . Grant et al. (1984) systematically demonstrated that cues to voicing duration, F0 frequency modulations, and low-frequency amplitude modulations all benefited speech reading. While speech reading and CI processing have some similarities, they also have differences. Similar to speech reading, the CI does not transmit the F0 cue effectively. Contrary to the visual cues in speech reading, the CI transmits mostly speech cues related to temporal envelopes. For example, /b/ and /d/ are easily discernable using the visual cue, but very difficult using the envelope cue (Van Tasell et al., 1987) . Despite these differences, it is not clear whether the benefit of adding F0 to speech reading can be extended to CI listening.
A good representation of pitch is useful for speech segregation in noise when the speech and noise cannot be spatially separated. In a normal cochlea, pitch is coded by the place of excitation (von Bekesy, 1960; Greenwood, 1990) , the temporal fine structure of the neural discharge (Seebeck, 1841) , or is weakly coded by the envelope of a modulated carrier Viemeister, 1976, 1981) . Overall, CIs lack good representation of pitch. The limited number of electrodes and the broad spread of electrical current in CIs a) Portions of this work were presented at the 2007 Conference on Implantable Auditory Prostheses, Granlibakken Conference Center, Lake Tahoe, CA. b) Current address: SoundCure, 33 Arch Street, Boston, MA 02110. c) Current address: GluMetrics, 15375 Barranca Parkway, Irvine, CA 92618. d) Author to whom correspondence should be addressed. Electronic mail:
fzeng@uci.edu provide for only a very coarse place pitch cue. The fixed pulse rate does not provide any temporal fine structure cue, leaving only the weak temporal envelope cue for pitch. Although many methods have been proposed to enhance pitch representations in CIs, e.g., by increasing spectral resolution through virtual channels (Tonwshend et al., 1987; McDermott and McKay, 1994) or channel density (Geurts and Wouters, 2004; Carroll and Zeng, 2007) , restoring the temporal cue with a varying pulse rate (Shannon, 1983; Jones et al., 1995) , or by enhancing temporal envelope modulations (Green et al., 2002 (Green et al., , 2004 (Green et al., , 2005 Carroll et al., 2005; Vandali et al., 2005; Laneau et al., 2006) , all have shown limited functional benefit. In contrast, combined acoustic and electric stimulation can provide significant benefits for speech recognition in noise and melody recognition in both simulated (Dorman et al., 2005; Qin and Oxenham, 2006; Chang et al., 2006) and actual combined acoustic and electric hearing users (von Ilberg et al., 1999; Turner et al., 2004; Kong et al., 2005) . Most studies have evaluated the role of low-frequency acoustic information in CI listeners with sharply sloping audiograms or by simulating this type of hearing loss in normal-hearing listeners. These studies have suggested that the benefit of combined acoustic and electric stimulation is a result of the F0 cue present in the low-frequency acoustic signal (Brown and Bacon, 2009a,b; Cullington and Zeng, 2010; Zhang et al., 2010a) . Brown and Bacon (2009b) examined the role of various F0 cues in simulated electro-acoustic-stimulation and found that both frequency and amplitude modulation cues contributed to the combined hearing benefit. On the other hand, Kong and Carlyon (2007) , also using a CI simulation, found conflicting results in that frequency modulation in F0 offered no additional benefit over a flat F0 contour, suggesting that merely the presence of voicing may account for the combined hearing benefit.
The present study examined the role of different F0 cues in three speech recognition experiments using both simulated and actual implant listeners. Experiment 1 replicated previous work (Brown and Bacon, 2009b) by acoustically presenting the target speech F0 only and comparing the F0 only condition to the more commonly used method of adding low-pass filtered speech information to the CI. In addition, exp. 1 expanded on previous work by investigating the effect of presenting the masker F0 only, or both the target and masker F0s, on speech recognition in a competing talker background. exp. 2 investigated the contributions of the FM and AM cues independently, including the use of a stationary sinusoid to cue voicing information. Experiment 3 compared the effect of F0 with the low-passed condition in actual CI users to assess the relative contributions of these acoustic cues to combined acoustic and electric hearing.
II. EXPERIMENT 1
A. Methods
Subjects
21 normal-hearing subjects (11 females and 10 males) between the ages of 19 and 60 yr old (mean 23.9 yr) participated in this study. The University of California Irvine's Institutional Review Board approved all experimental procedures. Informed consent was obtained from each subject. Subject audiograms were collected prior to testing to confirm the absence of any hearing deficiency [20 dB hearing level or lower for octave frequencies 250 to 8000 Hz]. All subjects were native English speakers and were compensated for their participation.
Stimuli
Subjects were tested on sentence intelligibility in the presence of a single competing talker using a cochlear implant simulation combined with unprocessed, low-frequency acoustic information. The sentences were chosen from the IEEE sentence set with each sentence containing five target words (Rothauser et al., 1969) . The target was a male with an average F0 of 102 6 33 Hz. The masker was a female speaking the sentence "It was hidden from sight by a mass of leaves and shrubs" (F0 ¼ 238 6 36 Hz). This sentence was chosen because it is longer than all target sentences, ensuring that no part of any target sentence would be unmasked. The use of a fixed single sentence as a masker certainly reduced the amount of informational masking, but it allowed a listener to "listen-in-the-dips," or between the masking words. Another reason for the use of a single masker sentence was that neither actual nor simulated CI listeners can differentiate the female masker from the male target, making typical instruction, for example, asking the subject to ignore a specific masking talker or to learn the characteristics of a target talker difficult, if not impossible (e.g., Freyman et al., 2001 ). The present single masker sentence was used previously to demonstrate the masking difference between a steady-state noise and a competing voice (Stickney et al., 2004) , and represented an experimental condition between the traditional informational masking studies (e.g., Freyman et al., 2004) and the traditional "listening-in-the-dips" studies using amplitude-modulated noises (e.g., Jin and Nelson, 2006) .
The CI simulation was created using a six-band noiseexcited vocoder (Shannon et al., 1995) with cutoff frequencies assigned according to the Greenwood map between 250 and 8700 Hz (Greenwood, 1990) . The target and masker were combined at a specified SNR and processed together. Combined stimuli were passed through third order bandpass elliptical filters, full-wave rectified and low-pass filtered to obtain the envelope, and used to modulate a broadband speech-shaped noise. The stimulus was then passed through the original analysis filter again to eliminate sidebands induced outside the channel due to modulation. Low-frequency information was then added to the processed signal and delivered either as a simple low-passed version of the speech (simulating low-frequency residual hearing) or as an explicit representation of the F0. The low-passed speech was derived from a third order elliptical filter with a cutoff at 500 Hz applied to the combined target and masker signal allowing access to F0 as well as some first formant (F1) information. The low pass information significantly overlapped with the low end of the CI simulation frequency range. This combination is consistent with CI users with a full insertion electrode array, who have residual contralateral hearing (e.g., subjects in exp. 3), but not with hybrid users with a short insertion electrode array, who have residual ipsilateral hearing. As the lowest channel in the CI simulation will not preserve the fine frequency information, the overlap should not present a redundancy of pitch information. The F0 was generated for the target and masker separately and presented either individually or combined. Frequency information of the F0 contour was extracted using the STRAIGHT program (Kawahara et al., 1999) . The output only contained information during voiced speech; unvoiced segments were represented as silence. The amplitude information for the F0 contour was extracted by low-passing the original signal with a third order elliptical filter with a cutoff equal to the highest frequency in the F0 contour, full-wave rectifying, and low passing at 20 Hz to minimize the introduction of sidebands to the time-varying frequency contour. All stimuli were presented monaurally at an overall level of 75 dB sound pressure level through Sennheiser HDA 200 Audiometric headphones. This level was verified by a Bruel and Kjaer type 2260 Modular Precision Sound Analyzer coupled to an artificial ear.
Procedure
Subjects were presented with the combined speech and asked to ignore the masking sentence. Subjects responded verbally regarding what they heard and responses were scored as either completely correct or incorrect for the five target words. The stimuli were presented at an initial SNR of 0 dB and adapted with a one-up, one-down decision rule corresponding to a 50% correct point on the psychometric function (Levitt, 1971) . This value has been referred to in the literature as SNR for 50% correct, or commonly as the speech reception threshold (SRT). Given that SRT is defined as the absolute level in quiet in which the subject scores 50% correct and not as the relative level in noise, this nomenclature can be misleading. In this text, this value will be referred to as the speech reception threshold in noise (SRTn) to differentiate it from SRT. The SNR was increased in 5 dB steps without changing the first sentence until the subject could correctly identify all target words. The SNR was decreased for a correct response and increased for an incorrect response by 5 dB for the first two reversals and 2 dB for the remainder of the test. Each subject was tested on two independent lists of ten sentences each selected randomly for each condition. Lists were never duplicated for a given subject. No practice was given. The SRTn was determined as the average of the third through final reversals. Subjects were tested on five conditions (four experimental plus 1 control) named for the type of low-frequency information presented: low-passed information below 500 Hz from the combined target and masker sentences (lowpass), the F0 of the target speaker only (target F0), the F0 of the masker speaker only (masker F0), or a combination of the target and masker F0s (target þ masker F0). Values were compared against the control of a CI simulation alone (sim. only). All ten runs (five conditions Â two lists) were presented in random order for each subject. Since SRTn required that a sentence be identified as completely correct, conditions degraded sufficiently to prevent correct identification of the first sentence (i.e., lowpass and target F0) could not be tested with the SRTn protocol. Percent correct scores were collected for five of the subjects for the lowpass condition at an SNR of 0 dB and the target F0 condition in quiet. The top three panels of Fig. 1 show waveforms and spectrograms for a sample sentence, unprocessed, low-passed at 500 Hz, and the F0. It should be noted that the Lowpass condition is shown without the masker for clarity, but in the study, the lowpass condition always had a masker present. The left panels show the time varying amplitude waveform while the right panels show the time varying frequency contours.
All subjects were tested on all five conditions to allow for a within-subjects analysis. Data were analyzed using a one factor repeated measures analysis of variance (ANOVA) with the type of acoustic information as the independent variable. studies (e.g., Chang et al., 2006; Kong and Carlyon, 2007) . Presentation of the low-passed speech improved the CI simulation alone by 6.3 dB, within the range of 5-10 dB improvement reported previously (Kong et al., 2005; Kong and Carlyon, 2007) . Target F0 and the combined target and masker F0s also led to an improvement of 4.0 and 2.1 dB SRTn, respectively. In contrast, presentation of the masker F0 provided no benefit over the CI simulation and actually increased SRTn by 1 dB.
B. Results and discussion
A main effect was seen for the type of low-frequency information applied [F(4,80) ¼ 16.3, p < 0.05]. Post hoc analyses with a Newman-Keuls correction indicated that the addition of lowpass information, the target F0, or the target þ masker F0s lead to significantly better results than a CI simulation alone (p < 0.05). Lowpass information also provided for significantly better performance than the target F0 or target and masker F0s (p < 0.05). There was no statistical difference between the sim. only condition and the addition of the masker F0, nor between the target F0 and the target and masker F0s.
To characterize contributions of the lowpass and F0 information to speech recognition, percent correct scores were collected. The lowpass alone condition provided for 26.8 6 5.6% recognition of keywords, and only 6.0 6 3.7% correct for sentences. This value falls within the expected region (Chang et al., 2006; Kong and Carlyon, 2007) . Chang et al. demonstrated 51% of keywords and 10% with sentences for HINT sentences that contain more contextual information than the IEEE sentences. Kong and Carlyon showed only 15% with words in quiet, but their stimuli were lowpassed at 125 Hz and masked above 500 Hz. On the other hand, the target F0 alone provided for 0.2% word recognition with only 1 subject being able to identify 1 word.
Although the target F0 itself provided essentially no word recognition ability, a significant proportion of the benefit seen with the addition of low-frequency information to a CI simulation can be attributed to the extraction of the F0 of the target speaker. The improvement of the lowpass condition over the target F0 or target and masker F0 conditions demonstrated that a further 2-4 dB benefit could be obtained from the presence of multiple harmonics or vowel formant information, when measuring the SRTn. Using a percent correct metric, Cullington and Zeng (2010) demonstrated a similar improvement trend in combining electric stimulation with progressively more low-frequency acoustic information. Optimizing the benefit available from the target F0 in a speech processing strategy will require knowledge of what acoustic components are responsible for the improvement in speech segregation. Experiment 2 explicitly evaluated the contributions from FM and AM separately.
III. EXPERIMENT 2
Subjects
The same twenty-one subjects as in exp. 1 were tested in exp. 2.
Stimuli
Three conditions were tested to determine the relative benefit of frequency and amplitude information of the F0: Frequency modulation information only (FM only), amplitude modulation information only (AM only), or stationary. These conditions were directly compared to the target F0 condition from exp. 1, which contains both frequency and amplitude modulation information, and the sim. only condition as a control. As each condition was aimed at determining the contribution of a specific physical component of the target F0, no condition contained the F0, or other low-frequency components of the masker. The FM only condition was generated by using the time varying frequency information from the F0, without applying an envelope. The AM only condition was generated by using the extracted envelope from the F0 as in exp. 1 to amplitude modulate a sine wave with a frequency equal to the average F0 value for that sentence. The stationary condition was generated as a sine wave with a frequency equal to the average F0 for the sentence, and a flat envelope, and represented merely a presence of voicing without any of the dynamic changes normally present. An example of the FM only, AM only, and stationary conditions are shown in the bottom three panels of Fig. 1 . As in exp. 1, F0 information was only present when the sentence was voiced. Since the FM only and stationary conditions did not have a speech envelope, 20 ms cosine squared ramps were applied to each onset and offset to reduce the presence of transients. The target F0 condition was renamed "FM and AM" for consistency with the three new stimuli. All stimuli were presented at 75 dB sound pressure level, as in exp. 1, with the same calibration techniques.
Procedure
SRTn values were determined for the three new stimuli with an identical procedure to exp. 1. All subjects were tested on all three new conditions to allow for a within-subjects analysis. Sentence lists from exp.1 were not repeated. Data were analyzed using a one factor repeated measures ANOVA with the type of additive acoustic information as the independent variable. Post hoc analyses with a Newman-Keuls correction indicated that the FM only condition produced better performance than the sim. only condition (a 3-dB benefit, p < 0.05), compared to the 4-dB benefit seen with both FM and AM components. The FM only and FM and AM conditions were not statistically different. On the contrary, the AM only or the stationary F0 conditions failed to produce a significant benefit. These results suggest that the FM component present in the F0 was both necessary and sufficient to produce the benefit seen from the fully extracted F0 contour.
IV. EXPERIMENT 3
Subjects
Nine cochlear-implant users between the ages of 48 and 81 yr old, including five females and four males, participated in this study. Three subjects used a Cochlear Corp. Nucleus 24 device, three used an Advanced Bionics Corp. HiRes 90k, two used an Advanced Bionics Corp. Clarion CII, and one used a Med El Combi 40þ. Subject experience ranged from 6 months to 6.5 yr (mean ¼ 3.8 yr). The University of California, Irvine Institutional Review Board approved all experimental procedures. Informed consent was obtained from each subject. Subject audiograms were collected prior to testing to determine the level of contralateral residual hearing (Fig. 4) . All subjects were native English speakers and were compensated for their participation.
Stimuli
Subjects were tested with the same sentence sets as in exps. 1 and 2. Acoustic information was presented to each subject's non-implanted ear. While the stimuli were presented to the same ear in simulation, previous work suggests that performance is similar between situations when acoustic cues are presented contralateral or ipsilateral to a cochlear implant (e.g., Gifford et al., 2007) . Acoustic stimuli were either the lowpass condition (CI þ Lowpass) or the target F0 (CI þ target F0) condition from exp. 1. While the lowpass condition was meant to simulate the average of the hearing loss that many people with residual low-frequency hearing may have, this filter undoubtedly restricted the performance of some subjects with significantly more residual hearing. This restriction was intended to allow for a more homogenous population for analysis, and the final data were not meant to indicate the full range of performance that may be possible for those with residual hearing. As in the CI simulation in experiments 1 and 2, the target F0 condition did not contain any low-frequency information regarding the masker. Acoustic stimuli were presented through Sennheiser HDA 200 Audiometric headphones and amplified linearly across frequency to be presented at the subjects' most comfortable level. Subjects did not use their own hearing aids because of variations in the low-frequency response and differences in each individual's hearing aid programming. Stimuli to the CI were played through the implants' direct connect cable, also at the subjects' most comfortable level.
Procedure
The SRTn procedure was not used because of the inability of many implant users in pilot data to reach perfect performance for the first sentence in the test for any SNR, including quiet. Target sentences were presented in quiet or mixed with the masker sentence and presented at a fixed SNR of 10 dB. Two lists of ten sentences were presented for each condition, and lists were never duplicated for a given subject. Each condition was tested twice. Outcome measures were percent correct scores for keywords in each condition. No practice was given. All subjects were tested on all three conditions at both SNRs to allow for a within-subjects analysis. Data were analyzed using a two-factor repeated measures ANOVA, with the noise and the type of low-frequency information as the independent variables. Figure 5 shows the performance for the three different conditions in quiet and in noise. Scores are plotted as the mean percent correct across subjects with the error bars indicating the standard error of the mean. In quiet, the CI only condition yielded scores ranging from 53-96%, with a mean of 75.4%. On average, the CI þ F0 condition reduced the CI only performance by 2.6 percentage points, while the CI þ lowpass condition improved by 3.3 percentage points. At 10-dB SNR, the average CI score dropped to 46%, but showed an improvement of 5.3 percentage points for the CI þ F0 condition and 8.2 percentage points for the CI þ lowpass condition. Performance for lowpass and F0 information were tested without the contralateral CI and were found to have scores of 0.75% (2 subjects identifying 4 and 2 target words out of 100) and 0.125% (1 subject identifying 1 target word out of 100), respectively.
B. Results and discussion
A main effect was seen for both noise [F(1,8) ¼ 52.2, p < 0.05] and the type of low-frequency information [F(2,16) ¼ 7.7, p < 0.05]. An interaction was also observed [F(2,16) ¼ 4.1, p < 0.05] indicating differential effects within the quiet and noise conditions. As such, separate ANOVAs were conducted for each of the quiet and noise conditions. In quiet, a main effect for type of low-frequency information was seen [F(2,16) ¼ 3.7, p < 0.05]. Post hoc analyses with a Newman-Keuls correction showed that both the small benefit from the lowpass information and the small decrease due the F0, compared to the CI alone, were not individually significant. In noise, a main effect of type of low-frequency information was also seen [F(2,16) ¼ 7.9, p < 0.05]. Post hoc analyses with a Newman-Keuls correction showed a significant benefit for both the CI þ lowpass and the CI þ F0 conditions (p < 0.05). The CI þ lowpass and CI þ F0 conditions were not statistically different from each other. The values from the lowpass alone or the CI alone were not sufficient to allow for a linearly additive explanation of the benefit seen in noise with the added acoustic information.
V. GENERAL DISCUSSION
A. Performance variability Implant users showed a large degree of variability both in their performance as well as their improvement with added low-frequency information. To find out who benefited from low-frequency information in combination with a CI, correlations were investigated between the combined CI and low-frequency performance and the CI-only performance as well as acoustic thresholds at 250 and 500 Hz. No significant correlations were found with respect to performance and low-frequency thresholds, indicating that more residual lowfrequency hearing does not necessarily provide for a greater improvement with a cochlear implant. Figure 6 shows scatter plots comparing CI only scores and the benefit to CI with low-frequency information. Positive values indicate a benefit while negative values represent worse performance with the added low-frequency information. Linear regression lines were fit to each of the four correlations and shown as a solid line. Recall from Fig. 5 that the data represented in panels C and D represent the only sets with statistically significant effects. Panels A, C, and D show correlations with slopes less than 1. This may be due to a ceiling effect in the better performers. The small number of subjects prevented the slopes from being statistically different from 1. While no claims could be made statistically, the trends suggest a need to analyze the data without the best users. Also note the greater subject performance variability in the quiet condition (three performed worse with added lowpass and seven performed worse with added F0) than in the noise condition (only one subject failed to show improvement with added lowpass or F0). This difference in subject variability is likely to account for the statistical significance of the noise condition but not the quiet condition seen in Fig. 5 . Figure 7 breaks down the performance between the good users (CI only scores in quiet better than 85%, n ¼ 4) and the average users (CI only scores in quiet less than 85%, n ¼ 5). One-factor ANOVA was conducted on each of the quiet and noise conditions for each subject set. No effect of low-frequency information was seen for the good users on each of the quiet or noise sets, signaling a ceiling effect. The average users showed a main effect in quiet with the addition of low-frequency information [F(2,8) ¼ 4.8, p < 0.05]. Post hoc analyses with Newman-Keuls correction showed a significant improvement of 7.8 percentage points with the CI þ lowpass condition over the CI only condition. This effect indicates that the failure of the group to reach significance (Fig. 5) was due to the good users' performance at ceiling. The average users also showed a main effect in noise for low-frequency information [F(2,8) ¼ 9.9, p < 0.05]. Post hoc analyses with Newman-Keuls correction showed a significant improvement with both the F0 (8.9 percentage points) and Lowpass conditions (11.6 percentage points) over the CI alone condition. The present analysis suggests that poorer users may benefit more from the presence of low-frequency information. It is possible that good users could also benefit from the added low-frequency information at poorer SNRs, but this was not tested.
B. The role of F0
The present data showed a clear F0 benefit for both simulated and actual implant users in a sentence recognition task with a competing background voice. The presence of low-passed information at 500 Hz provided for an even greater benefit. Although the present data are in general agreement with a growing body of literature showing the importance of F0 in cochlear-implant speech recognition in competing voices, they differ from previous studies in terms of suggesting which acoustic component of the F0 cue is the most critical. For example, Kong and Carlyon (2007) showed a significant benefit of a stationary tone representing only the voicing information, while Brown and Bacon (2009a) showed a significant benefit of adding the AM component of the F0 cue. Moreover, earlier speech reading and speech perception studies showed a significant effect of AM information type and amount (e.g., Drullman et al., 1994; Grant et al., 1991) . The present study failed to show any benefit with either the stationary or the AM information. In addition, the benefit of combined hearing observed here seemed to be less than that observed in other studies (e.g., Kong et al. 2005; Brown and Bacon 2009b; Zhang et al. 2010b) . These discrepancies were most likely due to differences in signal processing, CI subjects, speech materials, task types and difficulty, SNRs, and even listening strategies (e.g., Bernstein and Grant 2009; Brown and Bacon 2009b; Chen and Loizou 2010; Zhang et al. 2010a ). Taking together, the present study does not suggest that the AM information is not important, rather it is possible that the AM information provided by residual low frequency hearing is redundant or overlaps with that provided by the cochlear implant. It is also possible that amplitude information about F0, or merely the presence of voicing, may offer a benefit at SNRs different from that measured by SRTn in the present study.
C. Signal processing
While the present study shows that F0 can largely account for the benefit of preserving residual hearing, it addresses a theoretical issue but in no way suggests that F0 extraction be the method of signal processing for improving CI speech recognition in noise. First, the benefit over CI alone has been shown to increase as a function of bandwidth (e.g., Cullington and Zeng, 2010; Zhang et al., 2010b) , so sole extraction and presentation of the target F0 would not be advantageous. Second, if an implant user with residual hearing has an additional ability to extract other features such as formants or harmonics, then by all means he or she should be allowed to access the information for a greater benefit. Finally, all previously mentioned F0 studies used offline signal processing under laboratory conditions. In real-world listening situations, accurate real-time F0 extraction in the presence of multiple talkers is technically challenging, and may not be feasible.
VI. CONCLUSION
Under the present experimental conditions, where a single sentence was used to mask target sentence recognition, a significant benefit was found for both the low-pass speech and the F0 cue in simulated and actual combined acoustic and electric hearing. Specifically, the present results showed the following.
(a) The 500-Hz low-pass speech produced a 6.3 dB benefit in functional signal-to-noise ratio for a cochlear implant simulation. (b) The target only F0 also provided a 2.1-4.0 dB benefit for a cochlear implant simulation. Furthermore, the FM but not the AM component accounted for the observed F0 benefit. (c) The F0 produced a benefit in noise but not in quiet in actual hybrid implant listeners, with poorer implant users benefiting more from the F0 cue than better users.
